Abstract. Previous studies have reported that metformin (MET) has anticancer activity. In combination with chemotherapeutic drugs, MET reduces the dosage of chemotherapeutic drugs required and enhances anticancer efficacy. In the present study, the combination of MET and paclitaxel (PTX) in three human prostate cancer (PCa) cell lines (22RV1, PC-3 and LNCaP) was evaluated to investigate the effects on proliferation and apoptosis of PCa cells. The present study explored whether their effects were associated with reactive oxygen species (ROS). An MTT assay and microscopy were used to study the effect of MET + PTX on cell growth. Half maximal inhibitory concentration (IC 50 ) values were obtained for MET (12.281±1.089 mM for 22RV1, 2.248±0.352 mM for PC-3 cells and 3.610±0.577 mM for LNCaP cells) and PTX (13.170±1.12 nM for PC-3 cells) at 48 h. Since the survival rate of 22RV1 and LNCaP cells did not decrease linearly with increasing PTX concentration, it is difficult to estimate accurate IC 50 ; therefore, only IC 50 values for PTX in PC-3 cells were given. When treating the cells with 5 mM MET, the IC 50 of PTX decreased to 5.423±0.734 nM for PC-3 cells. Annexin V and propidium iodide staining was used to investigate apoptosis by flow cytometry. The apoptotic mechanisms of MET + PTX in PCa were investigated by detecting the expression of apoptosis-related proteins, activities of caspase-3/7, intracellular ROS accumulation, mitochondrial membrane potential, and intracellular levels of adenosine 5'-triphosphate (ATP). MET + PTX induced PCa apoptosis and ROS accumulation, and decreased mitochondrial membrane potential and intracellular levels of ATP. Taken together, these results indicated that MET + PTX suppressed PCa cell proliferation in a dose-and time-dependent manner. In addition, MET + PTX induced apoptosis by increasing ROS levels, reducing mitochondrial membrane potential, and activating mitochondrial-dependent apoptotic pathways.
Introduction
Prostate cancer (PCa) is a malignancy of the urinary system (1) . The probability of newly diagnosed PCa is high in European and American men (2) . Worldwide it has become the second leading cause of cancer-associated mortality in men (3) . Patients with localized PCa are generally treated with hormones, surgery, and chemotherapy or radiation therapy. Hormone therapy is effective at early stages; however, a number of patients slowly develop androgen insensitivity (4, 5) . When advanced PCa develops into castration-resistant PCa and metastasizes to distant sites, taxanes are often used for treatment (6) .
Paclitaxel (PTX) is an alkaloid that has been used as a first-line treatment for PCa in a clinical setting. It exerts its antitumor effects via cell cycle arrest (7) . Resistance to PTX limits its therapeutic effect (8) . Chemoresistant metastatic PCa is the most lethal form of cancer in adult men (9) ; therefore, more effective treatments for PCa are required.
Metformin (MET) is an oral anti-diabetic drug, commonly used to treat type 2 diabetes mellitus (10) . It is the most commonly used biguanide drug, and has a relatively low incidence of toxicity and side effects (11, 12) . MET has attracted increased attention in recent years due to its possible anticancer activity; it inhibits several tumor types, including PCa (13) (14) (15) . A number of in vivo experiments have revealed that MET directly affects cancer cell growth. Its effects have been observed in a wide range of cancer cell lines, including PCa cell lines (16, 17) . MET induces apoptosis and cell cycle arrest, reducing cancer cell growth (18, 19) . A previous study reported that MET increases sensitivity to chemotherapy and decreases required chemotherapy drug doses in various cancer cell lines (20) .
Given its excellent safety profile, low cost and minimal side effects, MET is an attractive candidate as a potential Combination of metformin and paclitaxel suppresses proliferation and induces apoptosis of human prostate cancer cells via oxidative stress and targeting the mitochondria-dependent pathway anticancer agent. Nevertheless, there remains limited knowledge regarding its anticancer molecular mechanisms. Therefore, the present study investigated the effects of MET in combination with PTX on apoptosis of 22RV1, PC-3 and LNCaP cells, as well as the molecular mechanisms underlying these effects. In the present study it was demonstrated that MET augmented the effects of PTX. Reactive oxygen species (ROS) detection. Cells were pretreated with an antioxidant, NAC (100 µM), or a pro-oxidant, GSSG (5 µM) for 24 h prior to the addition of MET. Following treatment with MET (5 mM) and PTX (10 nM for PC-3 cells, and 2 µM for 22RV1 and LNCaP cells) for 12 h, the Reactive Oxygen Species Assay kit (Beyotime Institute of Biotechnology) was used. Cells (1x10 5 cells/well) were collected and resuspended in serum-free medium containing DCFH-DA (10 µM). Then cells were incubated at 37˚C for 20 min in the dark. ROS levels were measured by flow cytometry and the results were analyzed using BD FACSDiva 6.1 software.
Materials and methods

Cell
Mitochondrial membrane potential. Cells (1x10
5 cells/well) were seeded into 6-well plates overnight, and were subsequently treated with MET (5 mM) and PTX (10 nM for PC-3 cells, and 2 µM for 22RV1 and LNCaP cells) for 12 h. According to the Mitochondrial Membrane Potential Assay kit (Beyotime Institute of Biotechnology) manufacturer's protocol, the cells were dyed with JC-1 staining fluid and analyzed by flow cytometry and the results were analyzed using BD FACSDiva 6.1 software.
ATP levels. The ATP Assay kit (Beyotime Institute of Biotechnology) was used for detection of ATP levels. Cells centrifugation at 12,000 x g for 10 min at 4˚C. Subsequently, 50 µl supernatant and 100 µl ATP detection reagent were mixed. Firefly luciferase activity was measured using a luminometer (Berthold Sirius L).
Western blot analysis. Cells were lysed with radioimmunoprecipitation assay buffer (Beyotime Institute of Biotechnology) following MET and PTX treatment for 24 h. Total protein was extracted at 4˚C and concentration was determined using a bicinchoninic acid assay. Proteins (30 µg protein) were separated by 10% SDS-PAGE and transferred to a polyvinylidene difluoride membrane (EMD Millipore, Billerica, MA, USA) at 4˚C. The membrane was blocked in 5% milk in Tris-buffered saline with 1% Tween-20 at room temperature for 1 h, and incubated with primary antibodies overnight at 4˚C at the following dilutions: PARP, 1:1,000; caspase-3, 1:1,000; caspase-9, 1:1,000; Bcl-2, 1:1,000; Bax, 1:1,000; Cyto-C, 1:1,000; P53, 1:1,000; and GAPDH, 1:100,000. The membranes were then probed with IgG-HRP antibody (dilution, 1:10,000) for 1 h at room temperature. Finally, the proteins were detected using Enhanced Chemiluminescent kit (EMD Millipore).
Statistical analysis.
The results are presented as the means ± standard deviation. All experiments were performed in triplicate. Data analysis was performed using a one-way analysis of variance using and the least significant difference post hoc test was used to determine statistical significance. SPSS 16.0 software (SPSS, Inc., Chicago, IL, USA) was used for statistical analysis, and figures were generated using GraphPad Prism 6.0 software (GraphPad Software, Inc., La Jolla, CA, USA). P<0.05, was considered to indicate a statistically significant difference. ImageJ 2.0 software (National Institutes of Health, Bethesda, MD, USA) was used to semi-quantify western blotting images. 
Results
Effect of MET on viability of
Effects of MET in combination with PTX on viability of PCa cells.
To evaluate whether MET improved the chemosensitivity of PTX, MET and PTX were administered together to PCa cells (Fig. 2) . The combination of MET (5 mM) and PTX (1, 2, 5, 10 and 20 nM in PC-3 cells, and 0.5, 1, 2, 4 and 8 µM in 22RV1 and LNCaP cells) exhibited a greater inhibitory effect on cell viability ( Fig. 2A-C ) than MET and PTX did individually. Notably, MET decreased the IC 50 of PTX in PC-3 cells (Fig. 2G) . These findings suggested that MET inhibited PCa cell proliferation and improved the chemosensitivity of PTX. The concentrations of MET (5 mM) and PTX (10 nM for PC-3 cells, and 2 µM for 22RV1 and LNCaP cells) were selected to verify that MET and PTX suppressed cell proliferation in a time-dependent manner ( Fig. 2D-F) . Subsequently, MET and PTX-induced growth inhibition in PCa cells was visualized by microscopy; the cells were treated with MET (5 mM) and PTX (10 nM for PC-3 cells, and 2 µM for 22RV1 and LNCaP cells). Cells cultured without these reagents exhibited characteristic normal growth and shape after 24 h. However, confluence was markedly reduced for cells treated with MET in combination with PTX (Fig. 2H ). This finding suggested that MET improved the chemosensitivity of PTX. MET in combination with PTX suppressed cell proliferation in a time-dependent manner.
MET in combination with PTX induces apoptosis of PCa cells.
It was also determined whether the augmentation of cell growth inhibition induced by MET in combination with PTX was associated with an increase in apoptosis of PCa cells. The cells were treated with MET (5 mM) and PTX (10 nM for PC-3 cells, and 2 µM for 22RV1 and LNCaP cells). After 24 h of treatment, cells were labeled with Annexin V-fluorescein isothiocyanate/propidium iodide (PI) and analyzed by flow cytometry. The apoptotic effect of MET + PTX was much greater than in the single drug groups (Fig. 3A and B) . This suggested that MET in combination with PTX significantly induced early and late apoptosis of PCa cells.
A caspase-3/7 activity assay was used, as shown in Fig. 3C . MET in combination with PTX markedly increased the activity of caspase-3/7. In addition, the expression levels of apoptosis-associated proteins (PARP, P53, Bcl-2, Bax, Cyto-C, caspase-3 and caspase-9) were measured using western blotting. Caspase family members are key proteins in apoptosis (21) . MET in combination with PTX markedly increased the expression levels of cleaved caspase-3/9, Bax, P53, Cyto-C and PARP. However, it was identified that treatment with MET and PTX significantly decreased Bcl-2 expression, compared with levels in the single drug groups (Fig. 4A and B) . As PC-3 cells in the control group had undetectable expression of Clv-PARP and Cyto-C, it was not possible to present quantification of the increase in expression in relation to control expression in these cells.
MET induces growth suppression and apoptosis of PCa cells via the production of ROS. An MTT assay and a Reactive
Oxygen Species Assay kit were used to determine whether MET induced growth suppression and apoptosis via elevation of intracellular ROS levels. Cells were pretreated with an antioxidant, NAC (100 µM), or a prooxidant, GSSG (5 µM), for 24 h prior to the addition of MET. NAC and GSSG in the cells were then removed and MET was added for another 24 h. NAC blocked MET-induced cell growth suppression (Fig. 5A ) and increased ROS levels (Fig. 5B) . GSSG augmented MET-induced cell growth inhibition and promoted ROS production. This suggested that MET inhibited the growth of PCa cells via the production of ROS. (Fig. 6A and B) . The imbalance of ROS may promote mitochondrial dysfunction and lead to mitochondria-mediated apoptosis. To evaluate the dysfunction in mitochondrial energy production, the mitochondrial membrane potential was measured. It is known that mitochondrial damage during apoptosis alters the mitochondrial membrane potential and intracellular levels of ATP in PCa cells. The present study identified that the mitochondrial membrane potential (Fig. 6C and D) and intracellular levels of ATP (Fig. 6E) were decreased by MET + PTX, and levels were significantly decreased in the MET + PTX group compared with levels in the single drug groups. This suggested that apoptosis of PCa cells mediated by MET + PTX was associated with damage to the mitochondrial membrane.
MET in combination with PTX suppresses cell growth and induces apoptosis by increasing ROS production, decreasing
Discussion
Chemotherapeutic regimens are commonly used to inhibit tumor growth; nevertheless, these often have side effects. Chemotherapy drugs not only have side effects but cancer cells also often develop resistance to chemotherapeutic agents, limiting their efficacy. Previously, MET was identified as an attractive anticancer adjuvant drug combined with chemotherapeutic drugs, which may improve treatment efficacy and lower the dose of chemotherapeutic agents required. In the present study, the antitumor activity of MET + PTX was evaluated in PCa cells. MET exhibited potential growth inhibitory activity against PCa cells, as determined using the MTT assay. MET and PTX exhibited enhanced ability to reduce tumor proliferation and growth. It was demonstrated that PTX and MET, on their own or in combination, exhibited anti-proliferative effects against cultured PCa cell lines in a time-and dose-dependent manner. However, there were differential sensitivities, in terms of effectiveness of the treatment dosages, among the cell lines. LNCaP is an early stage androgen-dependent PCa cell line. whereas 22RV1 and PC-3 are androgen-independent PCa cell lines. PC-3 cells have no androgen receptor and exhibit moderate metastatic potential. Therefore, the cell lines exhibit different sensitivity to drugs.
A number of reports have suggested that chemotherapeutic agents exert anti-proliferative effects by inducing apoptosis. It was observed that MET-treated cells exhibit reduced levels of ROS-mediated matrix membrane potential (22) . Mitochondria serve a key role in ROS production (23) ; the present data suggested that MET + PTX induced apoptosis via increasing intracellular ROS levels, and reducing mitochondrial membrane potential and ATP. Notably, an increase in ROS serves a role in the effect of MET + PTX on PCa cells. In the future, we aim to explore whether antioxidant pretreatment can inhibit the effect of MET + PTX on cell proliferation and apoptosis. In the present study, antioxidant NAC and prooxidant GSSG were used to verify that MET increased intracellular ROS levels in PCa cells. NAC pretreatment led to a decrease in MET-mediated production of ROS in 22RV1 and PC-3 compared to MET treatment alone, and had no effect in LNCaP cells. GSSG had no effect on ROS levels in PC-3 and LNCaP cells compared with MET group. In the present study, antioxidant NAC attenuated and prooxidant GSSG increased the effect of MET on ROS production in PCa cells. As is commonly known, the androgen receptor serves an important role in the development of PCa. LNCaP is an early stage androgen-dependent growth PCa cell line, PC-3 cells have no androgen receptor, and 22RV1 is an androgen-independent growth PCa cell line. A previous study demonstrated that physiological stimulation of the androgen receptor increases ROS production (24) . The androgen receptor may be an important target to investigate differences among the three studied cell lines concerning ROS levels in response to NAC and GSSG. Therefore, we aim to further investigate whether the androgen receptor is involved in the effect of antioxidant NAC and prooxidant GSSG on ROS levels in PC-3, 22RV1 and LNCaP cells.
Increasing intracellular ROS, and reducing mitochondrial membrane potential and ATP induces mitochondrial damage via Cyto-C release from the mitochondria, which in turn activates downstream caspase activity. Bcl-2 family proteins (Bcl-2, Bax and Bcl-2 homologous antagonist killer) participate in the apoptotic pathway leading to cell death. PTX sensitivity is determined by the anti-apoptotic protein Bcl-extra large (25, 26) . PTX downregulates Bcl-2 and activates caspases and PARP (27, 28) , resulting in induction of apoptosis. Annexin V and PI staining and analysis by flow cytometry demonstrated that MET + PTX induced PCa cell apoptosis. Finally, the effects of MET + PTX on the expression levels of various proteins, including caspase-3/9, Bax, Bcl2, PARP, Cyto-C and P53, were studied by western blot analysis.
MET + PTX-treated cells exhibited decreased expression of Bcl-2 protein, and increased expression of caspase-3/9, Bax, PARP, Cyto-C and P53 proteins. Taken together, these data suggested that MET + PTX suppressed proliferation and induced apoptosis of human PCa cells via ROS, promoting expression of the pro-apoptotic protein P53, and inducing mitochondrial damage. P53 promoted expression of Bax, inhibited expression of Bcl-2 and mitochondrial damage, and Bcl-2 promoted Cyto-C release from mitochondria. This resulted in the activation of caspase-dependent apoptotic pathways (Fig. 7) . A limitation of the present study is that it was limited to in vitro data; therefore, an in vivo study will be seriously considered in the future.
In conclusion, this study demonstrated that MET combined with PTX suppressed cell growth and induced apoptosis of PCa cells via mitochondria-mediated apoptotic pathways. These findings provide promising insights into novel, potential therapeutic strategies for PCa. 
